Suspensions of magnetic particles with diameters in the nanometer range exhibit longterm sedimentation stability as well as the possibility of magnetic field induced control of their properties and flow. One of the most famous field induced effects is the change of viscosity of the fluids due to the action of magnetic influences. An explanation of these effects on basis of microscopic models is a challenging field of actual experimental and theoretical research. Within this article the state of knowledge on magnetoviscous effects in magnetic fluids will be summarized and in particular the experimental methods used to obtain related results will be discussed.
INTRODUCTION
The material in the scope of this review are suspensions of magnetic nanoparticles in appropriate carrier liquids. The mean diameter of the particles is about 10 nm. Thus -from a magnetic point of view -the particles can be treated as single magnetic domains [1] . Due to their small size, destabilization of the suspension due to sedimentation in the gravitational field, demixing in magnetic field gradients and magnetic agglomeration can be neglected. In contrast, v.d. Waals interaction between the particles could not be counteracted by thermal energy and thus would force irreversible agglomeration of the particles. To avoid this kind of destabilization, the particles have to be covered with a surfactant of long chained molecules. The dielectric properties of the surfactant have to fit those of the carrier liquid to avoid van der Waals interaction between the surfactant layers. Appropriate choice of the surfactant provides a repulsive potential between the particles due to steric repulsion of the coating layers. Therefore a 2 nm thick coating can produce a potential barrier ensuring long term stability of the suspension. After the first synthesis of such so called ferrofluids by Papel [2] intense research and the development of numerous applications [3] started. Nowadays ferrofluids are available, which exhibit long term stability for more than 10 years. Usually magnetite (Fe3O4) is used as magnetic component for commercially available ferrofluids. In experimental fluids other interesting magnetic materials like mixed ferrites [4, 5] or cobalt [6] are used. The choice of the carrier liquid depends on the intended use of the fluid. Various oils, water and different organic carriers are actually available. The volume concentration of the magnetic component can go up to 15 vol.%.
The peculiar characteristic of ferrofluids is their high initial susceptibility, i.e. the strong rise of magnetization with the strength of the applied magnetic field. This bases on the fact that the magnetic units interacting with the applied field are the magnetic particles, containing approximately 10 4 Bohr magnetons and not single molecular magnetic moments -as e.g. in paramagnetic salt solutions.
The high susceptibility enables the control of ferrofluids with weak magnetic fields of about 50 mT, since the magnetic forces exerted by a magnetic field gradient are proportional to the magnetization of the fluid. More detailed information on ferrofluids can be found e.g. in [7, 8] .
MAGNETIC CHANGES OF VISCOSITY IN FERROFLUIDS 2.1 ROTATIONAL VISCOSITY
In a magnetic fluid subjected to a shear flow viscous friction will induce a rotation of the magnetic particles with the axis of rotation parallel to vorticity of the flow. If a magnetic field is applied to the fluid, the magnetic moment of the particles will be forced into the field direction. In the case, that field and vorticity are collinear (see Fig. 1 ), no magnetic field effect on viscosity will be observed, since the particles can rotate freely around the magnetic moments direction. In the contrary case, where field and vorticity are perpendicular, the viscous friction will cause a mechanic torque which rotates the magnetic moment against the field direction. As soon as a finite angle between magnetic moment and magnetic field direction occurs, a magnetic torque will appear. This torque tries to realign the moment with the field direction and thus counteracts the mechanic torque rotating the particle ( Fig. 1 ). Therefore the magnetic field forces a hindrance of free rotation of the particles. After the discovery of this effect by McTague in 1969 [9] , Shliomis gave an explanation for the phenomenon creating the basis of a description of magnetic field induced flow effects in ferrofluids in general. The theoretical approach chosen in [10] bases on a couple of assumptions concerning the microscopic properties of the suspension. In particular it is assumed, that the particles are monodisperse, spherical particles which do not interact. In addition, it is assumed that the magnetic moment is fixed within the particles and can not rotate relative to the crystal structure. This last assumption of magnetic hardness has obvious importance, since in the picture discussed above a magnetically weak particle, i.e. a particle which allows internal rotation of the magnetic moment, would not contribute to viscosity changes in the fluid. On this basis Shliomis was able to write the field induced increase of viscosity, called rotational viscosity in the form [10] .
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Where φ' denotes the volume fraction of the particles including surfactant, η 0 the viscosity of the suspension in absence of magnetic fields, β is the angle between vorticity and field (<...> denotes the spatial average). The energy ratio α = µ 0 mH/kT is given by the magnetic moment of the particles, m, the magnetic field strength, H, and the thermal energy, kT. For weak magnetic field Eq. 1 predicts a quadratic increase of viscosity with field strength. Furthermore the high field limit of relative rotational viscosity for perpendicular mutual orientation of fields and vorticity depends only on the volume fraction of the coated particles in the fluid.
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In a static field only hindrance of free rotation of the particles can appear. In contrast an alternating magnetic field may drive rotation of the particles by magnetic torque. At sufficiently high frequencies, the particles will rotate faster than the fluid and thus will spin up the flow resulting in a magnetic field induced decrease of viscosity of the ferrofluid [11] [12] [13] .
Meanwhile other approaches for the formulation of the hydrodynamics of ferrofluids, deducing the relevant equations from basic laws of irreversible thermodynamics and electrodynamics have been established [14, 15] . This formulation does not make any assumptions on the microstructure of the fluid and thus allows a more fundamental description of ferrohydrody- 
Figure 2:
Comparison of the experimental data from [9] with the theoretical approach in Eq. 1 [10] (Full circles: field perpendicular to the flow; Open circles: field parallel to the flow).
namics. The viscosity and other fluid characteristics enter this theory as measured characteristics of the fluids. For our further discussionwhich will focus on the reasons for the appearance of certain field induced viscosity changeswe will thus not use this new approach, but the microscopic descriptions by Shliomis and others.
MAGNETOVISCOUS EFFECTS DUE TO PARTI-CLE INTERACTION
As discussed above, Shliomis' theory of rotational viscosity assumes negligible interaction between the magnetic particles. In highly concentrated fluids, or in fluids containing particles with strong magnetic dipole-dipole interaction, this assumption will usually not be valid. Thus the formation of chains or clusters of magnetic particles has to be expected. These larger structures would be of dominant importance for the viscous behavior of the liquid. The formation of chains in magnetic particle suspensions has been discussed for a long time. First approaches have been made by Jordan [16, 17] calculating the chain length for a diluted ferrofluid. Later Zubarev [18] made a statistical approach to calculate the distribution function of chain length in a ferrofluid. Using this distribution function he obtained results on the existence of normal stress differences in ferrofluids. This approach was recently [19] extended to a ferrofluid containing particles of significantly different sizes. In this approach a small amount of large particles forms chains in the presence of many small particles, forming a magnetic background medium, enhancing the interaction of the large particles.
Besides these analytical approaches numerical simulations have been performed to obtain information on the microstructure of ferrofluids in magnetic fields. From early approaches using Monte Carlo methods [20] , two and three dimensional models have been developed to calculate the formation of so called secondary particles -small agglomerates of the initial particles -and to evaluate the formation of larger structures from these secondary particles [21] [22] [23] . Finally a Stokesian approach [24] allowed to calculate the effect of such structures on the viscous behaviour of the fluid and to compare the results with experimental data, as will be discussed in the following section.
EXPERIMENTAL RESULTS

ROTATIONAL VISCOSITY
The first consistent explanation for rotational viscosity by Shliomis [10] had been forced by experiments performed by McTague [9] using a highly diluted suspension of cobalt particles. In this particular case the assumptions in [10] and the experimental boundary conditions matched well since Co-particles with a diameter of about 6 nm are magnetically hard and the low concentration of less than 0.02 vol.% avoids interaction of the particles. In McTague's experiments this suspension was investigated using a capillary viscometer which was placed into the gap of an electromagnet. In principle one has to observe that at the ends of the capillary the mutual direction of vorticity and field is not well defined. Furthermore forces due to field inhomogenity near the borders of the pole shoes may give rise to magnetic forces influencing the results. In the experiments in [9] this had no significant influence due to the extremely low concentration of the fluid. Nevertheless Shliomis [10] already discussed possible problems that might appear in more complex flows.
Due to the close definition of boundary conditions good agreement of theory and experiment has been found as documented in Fig. 2 .
In contrast, the investigations of commercial ferrofluids, as they are e.g. used for loudspeaker cooling or other applications [3] , will a priori violate the mentioned assumptions of theory since high concentrations of particles are involved. Such fluids have been used in an approach trying to prove the <sin 2 β> dependence in Eq. 1. In these experiments [24, 25] the transition from Couette to Taylor vortex flow in a liquid contained between two concentric cylinders with the inner one rotating has been used to determine field dependent viscosity changes. The symmetries of the flow system allow to apply magnetic fields in axial, radial and azimuthal direction providing three different mutual directions between vorticity and field and thus three different mean values of <sin 2 β>. As shown in Fig. 3 , agreement in the margins of error for all three field directions have been found. The values of <sin 2 β> used to normalize the relative changes of viscosity have been computed using numerical data on the flow profile of Taylor vortex flow [26] .
The successful proof of the <sin 2 β> dependence forces the assumption, that no significant changes of the flow profile appear due to magnetic field influences. Nevertheless, a quantitative comparison of the theory [10] with the experimental data [24] shows significant differences ( Fig. 4 ). For such a comparison it must be observed, that commercial ferrofluids contain magnetite particles with mean diameters about 10 nm. For magnetite one can calculate that only particles with diameters larger than approximately 13 nm are magnetically hard and thus can contribute to rotational viscosity. Therefore the theoretical curve shown in Fig. 4 accounts only for the small portion of larger particles that were found in a magnetogranulometric analysis [27] of a magnetization curve. Since a fit of Eq. 1 shows that qualitative agreement of experiment and theory is given, and since the mean particle diameter obtained from the fit is about 19 nm, the assumption was made, that interaction and formation of agglomerates is essential for the magnetoviscous behavior of this fluid.
Besides possible problems in comparison of the classical theory of rotational viscosity with experiments on concentrated fluids due to interaction effects it has to be mentioned, that Eq. 1 does not contain any information about influences of shear rate on the viscosity changes. The theory does not consider non vanishing shear rates and just calculates the effects of hindrance of rotation of the particles. To overcome this difference to classical methods of viscosity determination, Embs et. al. developed a method for a shear free determination of rotational viscosity [28] . In these experiments the damping of the oscillation of a torsional pendulum is used for viscosity measurement. A container with ferrofluid is connected with the torsional pendulum, allowing his oscillation in an applied magnetic field. Appropriate design of the container ensures, that the fluid performs a solid-body rotation in the field. Therefore the fluid remains shear free, and the additional damping of the pendulum is only due to the hindrance of the rotation of the particles relative to the carrier liquid. In contrast to the experiments mentioned before [24, 25] it is found here that good agreement with theory [10] is given for the fluid used.
For this comparison it is assumed that all particles -even those which are magnetically weak -contribute to the viscosity changes. This question, and the discrepancies between experiments [24, 25] and [28] will be discussed in Section 3.2. on the basis of additional data concerning the influence of interaction.
MAGNETOVISCOUS EFFECTS IN FERROFLUIDS WITH PARTICLE INTERACTION
It has already been mentioned, that interaction in concentrated ferrofluids may dominate the magnetoviscous effects, and that furthermore numerous questions concerning the microscopic reasons for magnetic field dependent effects in magnetic fluids have to be clarified. This has already been discussed on the basis of the results shown in Fig. 4 for a commercial ferrofluid containing magnetite particles.
A first approach to get a clear insight into the magnetic field dependence of viscosity of ferrofluids is the investigation of shear dependence of the magnetic effects. If magnetoviscosity is dominated by effects due to formation of chains or clusters of magnetic particles, variation of shear rate should generate a change of the field induced effects. With increasing shear rate the chains should break and thus the units determining the viscous effects should be reduced in size. Such a size reduction of the units influenced by the field would result in a reduction of the magnetoviscous effects. The experimental investigation of shear dependent effects in ferrofluids under influence of magnetic fields requires a specialized rheometer allowing to apply a well defined magnetic field to the fluid. Commercially available rheometers are usually not designed for such purposes. Their sample holders are made from stainless steel influencing the magnetic field, and the compact design of the systems may lead to problems since the applied magnetic field could influence the torque sensors which are usually based on an inductive measurement. Thus either an extensive modification of a commercial system or a dedicated design of a rheometer are necessary to allow appropriate investigations. Presently two different approaches which differ from the design of the rheometer as well as from the way the magnetic field is applied to the fluid, have been reported.
On the one hand experiments have been carried out using a modified Couette rheometer [29, 30] . In these systems the magnetic field has been applied using the core of an electromagnet attached to two 90°sectors of the fluid cell. The inner cylinder in made from soft iron providing the inner part of the yoke as shown in Fig. 5 .
This technique allows to apply strong magnetic fields up to several hundred kA/m. Such fields are strong enough to reach about 90% of the saturation magnetization of the ferrofluid and thus to investigate the technically interesting high field effects in the fluid. The disadvantage of this system is the inhomogenity of the field with respect to the gap containing the fluid. The gradients near the ends of the poles may influence the flow in the gap and in addition the angle between field and vorticity is not well defined in the fluid.
The other approach [31] bases on a combined cone-plate arrangement with an attached Couette-region, subjected to a magnetic field parallel to the axis of rotation of the plate (Fig. 5 ). The advantage of this system is the well defined angle between vorticity and field, being 90°everywhere in the fluid. Otherwise this system allows only the application of weak magnetic fields since -on the one hand -the fields have to be produced by means of an aircoil and on the other hand normal field instability limits the maximum field applicable to the system. The phenomenon of normal field instability [7] requires in this particular case the use of a combined cone-plate/Couette system since the spikes could produce a dewetting of the cone and thus could influence the measurement. If the Couette region of the system is appropriate designed, the formation of spikes due to normal field instability will not significantly influence the torque transmitted to the cone and thus will not affect the measurement.
Since one of the major scopes of this article is the discussion of the state of knowledge concerning the microscopic reasons of magnetoviscous effects, we will now concentrate on this question and therefore on precision measurements of even small effects at low field strength rather then on technically motivated investigations.
It has already been discussed, that the interaction of particles could give rise to chain formation and thus to shear dependent effects. Fig.  6 shows the relative magnetoviscous effect measured for various shear rates in a commercial magnetite based ferrofluid using the rheometer [31] . Obviously a strong increase of viscosity with field strength is observed and in addition a reduction of this increase with increasing shear rate appears. This has been related in [32] to formation and breakage of chains of magnetic particles. Nevertheless, still the question remains what kind of magnetic units is responsible for these effects. The 10 nm magnetic particles, being the major part of magnetic material in the liquid are assumed to be magnetically weak and their interparticle interaction is too weak to allow chain formation. Thus these particles should not significantly contribute to the measured effects. As a work- ing hypothesis it was assumed in [32] that primary agglomerates [33] -dimers of particles with common surfactant layer -dominate the magnetoviscous behavior. To prove this, we have recently carried out experiments using fluids with variable agglomerate content [34] . The overall magnetic concentration of all these liquids has been held identical to avoid changes of interaction due to variation of concentration. These experiments showed, that decreasing content of primary agglomerates dramatically reduces the magnetoviscous effect ( Fig. 7) . Thus it can now be stated that the content of agglomerates, formed during the production process of the fluids is of significant importance for their magnetoviscous properties.
CONCLUSION AND OUTLOOK
It has been discussed in detail that suspensions of magnetic nanoparticles exhibit strong changes of their viscous behavior due to action of magnetic fields. It has been shown that these changes can be explained in a single particle model as long as highly diluted suspensions of magnetically hard particles are considered. In this case changes of viscosity are due to the hindrance of free rotation of the particles in a static magnetic field or due to driving of the particles by alternating fields.
As soon as concentrated liquids are considered, interaction of the particles has to be taken into account and formation and breakage of chains dominates the magnetoviscous behavior. To explain these effects in fluids with a major amount of magnetically weak particles, the influence of primary agglomerates has been studied. Presently it seems that these dimers dominate the magnetoviscous properties of such fluids.
In the future, a detailed understanding of the microscopic properties of the fluids and the structural reasons for magnetoviscous effects will have to be a goal of research. From the theoretical side, Monte Carlo simulations and non equilibrium molecular dynamics simulations will have to be used to create appropriate mod-els for the fluids. From the experimental side a connection of macroscopic measurements with direct microscopic investigations, e.g. using neutron diffraction techniques will have to be considered. Besides, the development of new fluids containing particles with high spontaneous magnetization and high crystallographic anisotropy will open new possibilities to enhance the magnetoviscous effects, finally making the fluids appropriate for the design of new ferrofluid applications. 
